Airway epithelium is the first body surface to contact inhaled irritants and report danger. We 33 studied how epithelial cells recognize and respond to protease, which is a critical component of 34 many allergens that provoke asthma. In a murine model, the aeroallergen alkaline protease 1 35 (Alp1) of Aspergillus sp. elicited helper T (Th) cell-dependent lung eosinophilia. Bronchiolar club 36 cells responded rapidly to Alp1 by coordinating the accumulation of allergic immune cells in the 37 lung. Alp1 degraded bronchiolar cell junctions, and club cells within the bronchioles propagated 38 this signal via calcium and calcineurin to incite inflammation. In two human cohorts, we linked 39 fungal sensitization and asthma with SNP/protein expression of the mechanosensitive calcium 40 channel, TRPV4. TRPV4 was also necessary and sufficient for club cells to sensitize mice to 41 Alp1. Thus, club cells detect junction damage as mechanical stress, which signals danger via 42 TRPV4, calcium and calcineurin to initiate Th cell sensitization. 43 44 45 47 93
3

INTRODUCTION:
48 49 Asthma is often triggered by inhalation of environmental allergens, many produced by 50 household molds (Denning et al., 2006; Denning et al., 2013; Eggleston, 2009 ; Hogan and Proposed models that fail to explain Alp1 instigated allergic inflammation.
191
To understand how protease is recognized by the epithelium, we tested several models. 
197
4A&B). Likewise, the allergic response to Alp1 in whole genome PAR1-or PAR2-knockout 198 mice was not different from wild type animals (Sup. Fig. 4C&D ). Second, we asked if Alp1 199 cleaves complement C3 to generate C3a anaphylatoxin, which could bind C3a receptors on 200 club cells (Drouin et al., 2002) . We found that club cells display C3a receptor, and that Alp1 201 excises a fragment from C3 similar in size to C3a (Sup. Fig. 5A&B ). However, MALDI-TOF 202 analysis revealed that the resultant fragment was not identical in sequence to C3a, and the 203 allergic response to Alp1 was also unaffected in C3-deficient mice (Sup. Fig. 5C&D ).
204
We next tested whether Alp1 releases fibrinopeptides from fibrinogen to signal inflammation.
205
We found that the largest amount of inhaled thrombin -the natural enzyme for fibrinogen -that 206 mice could survive (2000 units), had only a subtle effect on inflammation and was not additive or 207 synergistic with Alp1 (Sup. Fig. 6A ). Likewise, hirudin, a thrombin inhibitor, failed to suppress 208 inflammation 3dpi when administered together with Alp1 (Sup. Fig. 6B ). Alp1 neither induced 209 clot formation when incubated with human fibrinogen, nor released fibrinopeptides A or B into 210 the reaction mixture (Sup. Fig. 6C&D ). Furthermore, the reaction mixture was only able to 211 induce inflammation if the sample was not heat-inactivated to remove protease activity (Sup. 212 Fig. 6E ). Lastly, we found that the presumptive receptor for fibrinogen cleavage products, toll-213 like receptors (Millien et al., 2013) , were dispensable for the allergic response to Alp1 (Sup. Fig.   214 6F). MyD88, the downstream signaling intermediate for both toll-like receptors and IL-33 215 receptor, also was not required in this model of allergic inflammation (Sup. Fig. 6F ). Of note,
216
ILC2 numbers were reduced to naive levels in protease-treated MyD88 -/mice, suggesting that 217 the inflammatory effects of IL-33 involve ILC2 cells more than Th2 cells (Sup. Fig. 6F ).
219
Protease damage to epithelial junctions in the bronchioles instigates inflammation 220 Alp1 lacks an exosite that would render it specific for other mammalian proteins beyond those 221 mentioned in the preceding paragraph. Therefore, we modified our hypothesis and tested if 222 fungal protease broadly disrupts the epithelial barrier. Inhalation of biotin in the presence or 223 absence of Alp1, followed 1 hour later by lung processing for microscopy, revealed that the 224 protease caused biotin to leak from the bronchiolar regions of the lung, indicating a loss of 225 airway integrity (Fig. 4A ).
226
The mechanical barrier of the airway is maintained by solute impermeable tight junctions (TJ) 227 at the apical reach of the epithelia, while adherens junctions (AJ) are situated just beneath the 228 TJ. Whereas TJ proteins are heterogeneous in their identity and expression pattern, the AJ is 229 formed through highly conserved, homotypic interactions of E-cadherin between adjacent 230 epithelial cells (Hartsock and Nelson, 2008; Perez-Moreno and Fuchs, 2006) . We posited that 231 measuring the effect of Alp1 on E-cadherin is a direct way to test whether protease significantly 232 disrupts the epithelial junction. Commercial antibody to mouse E-cadherin (clone DECMA-1) 233 recognizes the cytosolic portion of E-cadherin, which appeared unaffected by Alp1 in the 234 bronchioles of mice despite the hyperplastic appearance of the airway cells (Fig. 4B ).
235
Some monoclonal antibodies recognize individual extracellular (EC) domains of E-cadherin 236 (Shiraishi et al., 2005) . To test if Alp1 degrades E-cadherin in the absence of confounding host 
244
Cationic polypeptides such as poly-L arginine interrupt epithelial junctions (Shahana et al., 245 2002) . When this compound was administered into the lungs of mice, direct junction damage 246 (without the intrinsic ability to cleave host proteins) was sufficient to drive Mo-DC accumulation 247 3 dpi ( Fig 4F) . Collectively, these data establish that Alp1 disrupts epithelial junctions, and that 248 damage to junctions between conducting airway cells signals inflammation.
250
Allergic response to fungal protease requires calcineurin signaling in club cells.
251
We investigated the signaling events in club cells that initiate inflammation upon protease injury 252 to the epithelial junction. The AJ is at the center of a critical signaling pathway involved in spatial pathway implicated in epithelial cell responses to allergen (Lambrecht and Hammad, 2014;  260 Whitsett and Alenghat, 2015) . However, protease-challenged mice with pan-lung epithelial cell 261 deficiency in the positive regulator of NF-κB, inhibitor of nuclear factor kappa-B kinase subunit 262 beta (IKK2) (Perez-Nazario et al., 2013), did not elicit GATA3+ Th cell response differently from 263 wild type littermates (Fig. 5B) . Thus, unexpectedly, neither Wnt nor NF-κB signaling is 264 responsible for club cell-dependent inflammation.
265
The findings above suggested that an atypical pathway in club cells drives inflammation to 266 inhaled protease. Calcium signaling is another canonical inflammatory pathway in leukocytes,
267
and we investigated calcium signaling in club cells based on what is known in leukocytes. In 268 transgenic mice that express a calcium indicator protein, GCamp6s, specifically in club cells, 
277
and found no effect of these pathways on inflammation (Sup. Fig. 7A&B ).
278
Poly L-arginine targeting of the junction caused a large expansion of OTII cells in wild type 279 mice, and this response was reduced to control levels with an induced deletion of calcineurin in 280 club cells (Fig. 5G) . Thus, junction damage alone can sensitize T cells, and similar to protease, 281 this response signals via calcineurin in club cells.
282
Finally, we asked if calcium signaling in club cells is sufficient to drive inflammation.
283
Scgb1a1-creERT2 mice were crossed with hM3Dq (i.e. DREADD) mice and treated with 284 clozapine n-oxide (CNO) to induce G-protein-mediated calcium flux in club cells. Mice receiving 285 both CNO and tamoxifen recruited a larger population of Mo-DC to the lungs compared to mice 286 treated only with CNO ( Fig. 5H ). In summary, protease damage to the epithelial junction elicits a 287 calcium flux in club cells that signals through calcineurin to mediate allergic inflammation.
289
Apical bronchiolar epithelium expression of TRPV4 is associated with fungal asthma.
290
We searched for a receptor/channel that could connect protease injury at the bronchiolar 291 junction with calcium entry into club cells. We posited that TRPV4 could exert this function 292 because it acts as a mechanosensative gated-calcium channel. Genetic variation at the TRPV4 293 locus has been associated with lung pathology in prior studies in humans. In particular, the G 294 allele or AG+GG genotypes at rs6606743 was associated with osmotic airway hyper-295 responsiveness (Naumov et al., 2016) and increased risk of COPD (Zhu et al., 2009 ). We 296 therefore tested for the association of genotype at rs6606743 with fungal sensitization and 297 asthma in 211 participants in the Childhood Origins of Asthma (COAST) study. We identified 298 significant associations with both phenotypes ( Fig. 6A-B 
319
We also immunologically stained bronchial biopsies for TRPV4 in 5 healthy donors and 3 320 patients with asthma. Intriguingly, TRPV4 was most apparent in the apical tip of the bronchiolar 321 epithelium (Fig. 6D&E ). 
327
To determine if a directional relationship exists between TRPV4, club cells, and Th cell 328 sensitization, we returned to our murine model. First, we used a functional assay to assess 329 TRPV4 expression by club cells. Cell suspensions from club cell-reporter mice were loaded with 330 a ratiometric calcium indicator dye and analyzed by flow cytometry. Club cells rapidly shifted 331 fluorescence in response to a TRPV4 agonist, indicating that club cells express a functional 332 TRPV4 calcium channel (Fig. 7A ). Second, we tested the requirement of club cell TRPV4 in 333 protease-driven allergic inflammation by using Scgb1a1-creERT2 mice with a floxed TRPV4 334 allele. Tamoxifen administration to delete TRPV4 in club cells resulted in significantly decreased 335 CCL2 production within hours of protease inhalation, and reduced OTII cell accumulation 15 dpi 336 337 overexpressing TRPV4 in vivo with adeno-associated virus (AAV6). We found that AAV6 338 expressed (mCherry) efficiently in club cells (Fig. 7D ). We thus infected Scgb1a1-creERT2 mice 339 with an AAV6-doublefloxed inverse orf-TRPV4 virus that overexpresses TRPV4 in cells with a 340 functional cre recombinase (Wheeler et al., 2016) . When viral gene expression was activated by 341 tamoxifen, Scgb1a1-creERT2 mice inoculated with protease accumulated significantly more 342 OTII cells than wild phenotype mice not receiving tamoxifen (Fig. 7E) . Remarkably, the 343 enhanced OTII cell response due to TRPV4 overexpression was absent in mice with club cell 344 calcineurin deficiency, indicating that TRPV4 and calcinueurin are in epistasis (Fig. 7F ). In sum, 345 these results demonstrate that club cell TRPV4 is required for CD4+ T cell sensitization to Alp1, 346 and that recapitulating the features of human asthma by overexpressing TRPV4 enhances 347 sensitivity to fungal protease.
348
DISCUSSION
349
Aeroallergens, including proteases, are irritants (Holgate, 2007), and the airway epithelium is 350 the first tissue assaulted. We investigated how the lung epithelium alerts immune cells to 351 protease allergen exposure, sensitizing CD4+ T cells. We report a conceptual advance in 352 understanding the pathogenesis of asthma, revealing that the mechanical force exerted on 353 epithelial cells that suffer junction damage is a danger signal sensed by TRPV4. We define a 
367
We tested several possible models of protease-induced allergic inflammation. The most 368 striking finding upon protease inhalation was damage to the bronchiolar epithelial junction. We 369 propose a model of asthma pathogenesis in which protease injury to epithelial cell junctions 370 elicits an unconventional "damage response" sensed as recoil by a mechanoreceptor TRPV4.
371
This mechanism of sensing damage runs counter to classic damage receptor: ligand 372 interactions described previously. The most widely recognized mechanism by which cells report 373 injury is via damage-associated molecular patterns (DAMPs). In general, DAMPs are proteins 374 (e.g. IL-33, High Mobility Group Box 1, F-actin), nucleic acids, or metabolites (e.g. ATP) that are 375 sequestered within cells during steady state. These molecules spill into the extracellular milieu 
438
Vaccinologists define correlates of immunity to elucidate complex biology (Plotkin, 2010) . We 439 propose that CCL2, Mo-DC, and eosinophils are correlates of immunity and not an epistatic 440 pathway feeding into and out of Th cell sensitization. We showed that neutralizing CCL2 only 441 modestly affects allergic inflammation, even under idealized conditions. Likewise, elimination of 
678
For phagocyte depletion, mice were given 3 intranasal doses of clodronate liposomes, followed 679 by a 24-hour rest period before protease inoculation. To induce cre activity in Scb1a1-creERT2 680 mice, mice were injected IP with 2mg of tamoxifen on days -7 to -4, -1, 6, and 13 days post 
